The benefits of applying the vibration analysis program are well known and have been so for decades. A large number of contributions have been produced discussing new diagnostic, signal treatment, technical parameter analysis, and prognosis techniques. However, to obtain the expected benefits from a vibration analysis program, it is necessary to choose the instrumentation which guarantees the best results. Despite its importance, in the literature, there are no models to assist in taking this decision. This research describes an objective model using Fuzzy Analytic Hierarchy Process (FAHP) to make a choice of the most suitable technology among portable vibration analysers. The aim is to create an easy-to-use model for processing, manufacturing, services, and research organizations, to guarantee adequate decision-making in the choice of vibration analysis technology. The model described recognises that judgements are often based on ambiguous, imprecise, or inadequate information that cannot provide precise values. The model incorporates judgements from several decision-makers who are experts in the field of vibration analysis, maintenance, and electronic devices. The model has been applied to a Health Care Organization.
Introduction
The benefits an organization can obtain from the use of vibration analysis include improvements in availability [1] , quality [2] , safety [3] , cost [4, 5] , and the environment. Furthermore, its versatility with regard to the machines it can be applied to and the typology of faults or anomalies that can be detected [6] , along with the possibility of developing an automatic diagnostic system [7] , have made it the most widely used predictive method [8] . This has led to a large number of contributions in the literature [3] , analysing new diagnostic techniques [9, 10] , many case studies of fault diagnosis in different components and types of machinery [5, 7, 11, 12] , and studies of prognostics or fault prediction before it occurs [4] .
To achieve all the benefits mentioned, it is essential to choose the most suitable technology for the data acquisition and handling system, so as to obtain a reliable and accurate interpretation of the signals [13] , that is, reliable diagnoses. It is further recognised that the choice of a suitable measuring system is of vital importance in creating a cost-effective Condition Based Maintenance (CBM) policy [14] . However, after performing a literature review on different databases (Emerald, Hindawi, Proquest, Science Direct, and Scopus) using the terms selection vibration analyser and selection technology vibration analysis, no result was found that included a model to assist decision-making. This lack of models in vibration analysis decision-making leads to underperforming programmes characterized by a reactive approach, underuse of maintenance information systems and technologies, inaccurately managed costs, no scheduled maintenance hours, no provision for feedback on quality work, and so forth. Thus, vibration-analysis-based predictive maintenance programme managers must choose the technology to be used based only on their experience or supported by the advice of system sales staff or consultants; in those cases, the results are hard to justify to management.
This research describes an objective model using Fuzzy Analytic Hierarchy Process (FAHP) to make a choice of the most suitable technology among portable vibration analysers. The aim is to create an easy-to-use model for processing, manufacturing, services, and research organizations, to guarantee adequate decision-making in the choice of vibration 2 Shock and Vibration analysis technology. This would further guarantee higher quality data acquisition, more accurate diagnosis, faster information handling, and so forth, and, overall, a more costeffective vibration analysis programme. The intention is also that the model should serve as a standard for other organizations with regard to the criteria used, the weightings associated with the criteria, and the procedures for calculating the decision model.
The model described recognises that judgements are often based on ambiguous, imprecise, or inadequate information that cannot provide precise values. It also takes into account whether the organization already has experience in applying vibration analysis and, therefore, has used a given technology before. The model incorporates judgements from several decision-makers who are experts in the field of vibration analysis, maintenance, and electronic devices. The model has been applied to a Health Care Organization.
The technology selection models which use multicriteria techniques have been widely discussed in the literature. However, this kind of modelling has not reached the field of predictive maintenance, despite being the most highly technological maintenance policy.
Therefore, this paper is intended to contribute to the use by organizations of objective models which guarantee satisfactory decision-making when acquiring vibration analysis technology.
This paper is structured as follows. Section 2 is a literature review on the application of multicriteria techniques in vibration analysis. Section 3 shows the fundamentals of FAHP. Section 4 describes the multicriteria model for assessing vibration analysers, including the structure of the model and the weighting process. Section 5 describes one example of the application of the model to a Health Care Organization. Section 6 includes the validation of the model by another fuzzy multicriteria technique and the sensitivity analysis. Section 7 sets out the practical implications of this research. Section 8 sets out the conclusions and the paper concludes with the references.
Literature Review
The choice of technology involves economic, technical, human resource, environmental, and political matters. These may need to be assessed qualitatively in many cases and that may also affect different stakeholders and present a variety of scenarios [15] .
These areas may be considered by Multicriteria Decision Analysis (MCDM) techniques, which also allow objective modelling of the decision problem as one or more decisionmakers make judgements to obtain an assessment of importance of each area in the choice of predictive technology for an organization; this may guarantee acceptance by the managers of an organization of the solution proposed by the multicriteria model [15] . It also provides acceptable compromise solutions when criteria are in conflict [16] , allowing the use of large quantities of data, uncertainty, relations, and objectives, aspects generally present in the real-world policy problem [17] ; incorporating independent criteria into the multicriteria model guarantees no redundancy in the areas assessed. This all contributes to a considerable increase in the literature in different subjects, although in the area of maintenance it is still limited, and much more so in condition monitoring.
FAHP takes account of the uncertainty, vagueness, or ambiguous situations of the judgements given by the decision-makers [18, 19] . Furthermore, the decision-makers prefer to use a linguistic expression rather than a crisp number because it is difficult to give an exact figure in the assessment and evaluation of decision-making problems [19] . FAHP can divide a complicated decision, with a number of conflicting criteria, into a hierarchical system of elements, facilitating the decision-making. In addition, the use of pairwise comparisons allows a ratio scale of measurement to be obtained, which leads to the generation of more precise information about the preferences of decision-makers; for this reason, it is unnecessary to define a measurement scale explicitly for each criterion [20] . It also includes a system to assess the consistency of the judgements given by the decision-makers [21] , a technique which can be easily understood by managers and those ultimately responsible for accepting a decision taken.
Although there is an extensive literature reviewing the state of the art in sensors and vibration analysis instrumentation [22] [23] [24] [25] [26] , there is a serious lack of models to facilitate taking technological decisions in vibration analysis. Only in Holbert and Lin [27] and Wang and Gao [28] is the subject analysed, but with no multicriteria model. However, these models can indeed be found in areas other than Condition Based Maintenance and vibration analysis (see, e.g., [29] [30] [31] [32] [33] [34] ).
Among the literature which applies MCDM to the area of decision-making in CBM are the following contributions: Carnero and Hidalgo [35] develop a system that integrates activity-based cost and analytic hierarchy process to assess the costs and benefits in a CBM policy. The criteria used are cost measurement of cost driver, time measurement of cost driver, and correlation of the cost driver with the activity cost.
Carnero [36] proposes an indicator system to control the setting up of the CBM programme, which could facilitate the early detection of anomalies during the implementation stage of the maintenance policy. Thus, it describes a predictive control of the predictive maintenance programs. The system comprises 28 indicators organized in four categories: economic evaluation, external and internal quality of the CBM, organizational structure, and evolution over time. It is held that all the indicators have similar weighting via a normalized simple additive weighting technique.
Carnero [6] sets out a model which integrates analytic hierarchy process and factor analysis in choosing diagnostic techniques and instrumentation in CBM policy. The model is used in screw compressors in which vibration analysis and lubricant analysis are applied and assessed when they are used together. Factor analysis is applied to the information supplied by the quantitative diagnostic parameters. The quantitative information resulting from the factor analysis is complemented by the qualitative information provided by other diagnostic techniques. The most significant diagnostic techniques obtained from the factor analysis and the qualitative diagnostic techniques are the alternatives incorporated into an analytic hierarchy process model described according Shock and Vibration 3 to different technological levels. The decision criteria used are diagnostic quality, quantity of failures that can be analysed, cost of diagnostic technique, and supportability of the diagnostic technique.
Carnero [37] describes an assessment system which facilitates decision-making about the introduction of a CBM policy. The hierarchical structure of the problem is set out taking into account different scenarios characterized by the variables company size and productive process. Two objectives are assessed: the ability of the company to implement a CBM and the need for this policy in the company. The hierarchy comprises two scenario variables, 47 criteria, and these alternatives: to set up a CBM policy internally, to develop prior requisites for the setting up of a CBM policy, not to set up a CBM policy, and to outsource the policy. To integrate the results obtained from the criteria on the ability to introduce a CBM policy and the need for such a policy, a series of decision rules has been defined following the methodology of experts in rule-based systems.
Carnero [38] uses an analytic hierarchy process to choose the most appropriate predictive technique, from vibration analysis, lubricant analysis, or the integration of both techniques. The CBM policy is characterized in four levels according to the technological level. Each company is characterized using four scenario variables: typology of critical machinery in the industrial plant, technological level of the productive process in the industrial plant, number of critical machines in the industrial plant, and future behaviour of the company. Carnero [39] also chooses the condition monitoring technique to be applied, but using a multicriteria utility function and analytic hierarchy process. Discrete probability distributions are obtained for each alternative and a Monte Carlo simulation is used to calculate the final utility of the alternatives.
Bana e Costa et al. [40] describe an audit carried out via the Measuring Attractiveness by a Categorical Based Evaluation Technique for the control of a CBM policy implemented in a Health Care Organization. The model allows the performance of the CBM policy to be measured not only against each audit criterion individually, but also in each area and in overall terms. The final structure of the multicriteria audit model has 94 criteria structured in 15 areas. Integrated into a management dashboard, the model outputs permit the identification of policy deficiencies requiring urgent intervention and correction measures for its continuity. The model has been tested from data on the implementation of a CBM policy in a hospital.
Fuzzy Analytic Hierarchy Process Methodology
Analytic hierarchy process [41] is a decision-making tool to deal with complex, unstructured, and multicriteria problems. This technique provides a ranking of alternatives when all the decision criteria are considered simultaneously, by using a hierarchical structure reflecting the relationship between the goal, criteria, subcriteria, and alternatives; it also uses pairwise comparisons between the various criteria and among the alternatives with respect to each criterion; linguistic terms are used for this, associated with numerical values which Very strongly more important7 = (6, 7, 8) Judgement values between very strongly and extremely8 = (7, 8, 9) Extremely more important9 = (8, 9, 9) constitute a scale. The scale proposed by Saaty uses integer values from one (equally important) to nine (extremely more important) and the reciprocals of these numbers [41] . A weight is calculated for each criterion (and subcriterion) based on the pairwise comparisons. The outcome of the multicriteria technique is a score for each alternative. Because the judgements are subjectively provided by the decision-maker, the consistency of these judgements has to be computed by means of a consistency index. Saaty's scale is easy to apply, but it does not account for uncertainty (including doubt, hesitancy, vagueness, and ambiguous situations) associated with the mapping of one's judgement to a number involved in real-world decision problems [42, 43] . Also, decision-makers sometimes feel more confident giving interval judgements rather than crisp judgements [18, 44] . Fuzzy set theory solves all these problems.
Although different fuzzy scales have been suggested, the fuzzy scale that best matches the original preference scale of the crisp analytic hierarchy process is the one shown in Table 1 [45], which will be used in this study.
Fuzzy set, membership function, and fuzzy numbers are concepts in fuzzy theory introduced by Zadeh [46] . A fuzzy set is a class of objects with a continuum of degrees of membership. This fuzzy set is characterized by a membership function, which assigns to each object a degree of membership ranging from zero to one [47] . Within the fuzzy numbers, there are triangular fuzzy numbers which allow the vagueness of the criteria analysed to be incorporated.
A triangular fuzzy number̃= ( , , ) is defined mathematically by the membership functioñ( ) :
where , , and are lower, median, and upper bounds of the fuzzy number and satisfy ≤ ≤ .
Different FAHP methods have been presented in the literature. Chang's extent analysis method [48] will be used in this study. Chang's methodology comprises the following steps [19, 45, 48, 50, 51] .
Step 1 (construction of hierarchy). Firstly, the important criteria are determined and structured into a hierarchy. The decision problem is aimed at the higher level of the hierarchy structure; the criteria and subcriteria are aimed at the intermediate levels and the alternatives at the lower level.
Step 2 (obtaining the fuzzy judgement matrix̃). This matrix has as elements the fuzzy comparison values̃, which express the decision-maker's opinion about the relative importance of element over element at the same level of the hierarchy. The weightings between the criteria and the scale levels of each indicator are obtained from the fuzzy judgements matrix̃:
wherẽ= ( , , ) and̃− 1 = (1/ , 1/ , 1/ ) for , = 1, 2, . . . , and ̸ = . To perform the pairwise fuzzy comparison, the decisionmaker uses a fuzzy scale, like that shown in Table 1 .
Step 3. Calculate the value of fuzzy synthetic extent with respect to the th object from the following:
where are the goals of the hierarchy and̃is a triangular fuzzy number of the fuzzy comparison matrix̃with objects and goals.
To obtain ∑ =1̃, take the fuzzy sum-up of each row of the fuzzy comparison matrix̃such that
Next, take the fuzzy addition of ( = 1, 2, . . . , ) values such that
And then compute the inverse of the vector of (11) obtaining
) .
(12)
Step 4. Compute the degree of possibility of̃2 = ( 2 , 2 ,
and can be expressed equivalently as follows:
where is the ordinate of the highest intersection point betweeñ1 and̃2 (see Figure 1 ). Both (̃2 ≥̃1) and (̃1 ≥̃2) must be computed.
Step 5. Compute the degree of possibility for a convex fuzzy number to be greater than convex fuzzy numbers̃(= 1, 2, . . . , ) from
Assuming ( ) = min (̃≥̃) for , = 1, 2, . . . , , ̸ = , the weight vector is given by
Figure 1: The intersection betweeñ1 and̃2.
Step 6. Compute the nonfuzzy weight vector normalizing , which gives
Step 7. The deviations from consistency in the judgements given are computed via the consistency index (CI) defined in the following [41] :
The consistency ratio (CR) is calculated from (19) , in which the random consistency index (ICR) is generated by a random matrix of similar dimension to that evaluated:
If CR is less than 0.05 for a 3 × 3 matrix, 0.08 for a 4 × 4 matrix, and 0.1 for matrices of higher order, then the judgements matrix is consistent [52] .
To simplify the calculation of the CR in a fuzzy environment, the crisp value has been used [50] .
Fuzzy Multicriteria Model for Selection of Vibration Technology

Structuring.
The literature on vibration analysis has been used to choose the decision criteria in the model described.
A variety of aspects are recommended as they deserve attention in the choice of technology [6, [53] [54] [55] and they give information from a number of suppliers of vibration analysers; the literature on the choice between different types of policy and technology not relevant to vibration analysis was also analysed [33, 56] . Additionally, papers which assess choice of suppliers have been analysed too [51, 57, 58] . Unlike the choice of providers in the area of manufacturing, where delivery time is paramount, after-sales service is found to be a more important selection criterion than price in high-tech markets [59] . The criteria and subcriteria for vibration analyser selection proposed are as follows: 
time). (iv) Hardware Utilities (HU).
Incorporating the following additional features, which may be useful in an industrial plant, is considered: acquisition of data on preprogrammed routes, the possibility of using cloud monitoring systems, picking up sound (stethoscope), impact tests, measured in very slow machinery, lubricant control, noise analysis (thirds of an octave), and the possibility of taking photos.
All the analysers on the market include a tachometer and sensors (usually triaxial) for the gathering of data; thus, as these are not parameters that differentiate one device from another, they are not included among the aspects to assess.
(b) Software Characteristics (SC). Two areas are assessed: (i) Ease of Handling (EH). Ease of handling of hardware and software includes a small weighting from the analyser, the possibility of not needing wires to transfer data from the sensor, ease of handling during data acquisition, and real-time diagnosis when necessary. Integrating extra elements (cameras, stroboscopes, etc.), or elements that ensure the safety of the human resources, into the analyser itself, is also something to be considered. (ii) Additional Training Required (ATR). If it is the first analyser purchased, a certain amount of training will be needed, which will be less if the company has already used device from the same brand, and, so, this subcriterion considers not only the training required but also the existence of prior know-how in the organization. The integration of automatic diagnostic tools is also considered.
(e) Adaptation to the Organization (AO). The adaptability of the technology to be acquired with respect to the existing hardware and software in the organization is considered. The aim is to minimize resistance to change. This includes the following: in explosive atmospheres and so should satisfy ATEX 95 (directive 94/9/EC) in the European Union or standard HAZLOC in the United States which regulates equipment and protection systems for use in potentially explosive atmospheres. There must, therefore, be a guarantee that the vibration device is certified to fulfil its purpose and has suitable information to make sure it can be used without risk.
(f) Remaining-Useful Life of Technology (RLT). The idea is to guarantee that the technology has been on the market long enough to be sure it works properly, but not so long that it could be replaced by other analyser models in the short term; this would mean that there would be no spares or update services in the short term, leading to the need to acquire new technology.
(g) Reputation (R). The testimonials or references obtained from other companies are very useful when choosing a technology supplier. As well as the list of organizations where the analyzer has been used, this also includes assessments by other users from various communications systems, such as Internet forums and personal conversations. The financial situation of the supplier is included in this criterion because a solid financial situation also contributes positively to that reputation. (h) Price (P). The price of acquisition of the analyser and associated instruments, such as sensors, cables, and stroboscopes, is assessed, along with the support services that are usually included with the analyser.
These criteria satisfy the characteristics established by Keeney [60] : exhaustive, concise, nonredundant, made operational with performance descriptors, and independent. These criteria and subcriteria are set out in a hierarchy with the objective at the top, then the criteria, and at the bottom the subcriteria. The hierarchy of the multicriteria model is shown in Figure 2 .
A descriptor has been defined for each subcriterion. A descriptor is an ordered set of possible impact levels which allows each alternative to be objectively evaluated [61] . Most of the descriptors defined in the model are qualitative and constructed. Qualitative descriptors are used when the criterion is subjective in nature or when it includes a set The supplier has worked with more than 20 internationally recognised companies in the last 5 years. The evaluations of other customers/users on Internet forums, personal conversations, and so forth are always very positive. The financial situation of the supplier is acknowledged to be strong and is backed by the available public information about the company.
L2
The supplier has worked with more than 20 internationally recognised companies in the last 5 years. The evaluations of other customers/users on Internet forums, personal conversations, and so forth are mostly positive, with small criticisms on minor matters. The financial situation of the supplier is good and is backed by the available public information about the company.
L3
The supplier has worked with more than 20 internationally recognised companies in the last 5 years. The evaluations of other customers/users on Internet forums, personal conversations, and so forth are mostly positive, with few criticisms on matters of importance. The financial situation of the supply is unknown.
L4
The supplier has worked with more than 10 internationally recognised companies in the last 5 years. The evaluations of other customers/users on Internet forums, personal conversations, and so forth are mostly adequate, with few criticisms on matters of importance. The financial situation of the supplier is unknown.
L5 (the lowest level of performance)
The supplier has worked with more than 10 internationally recognised companies in the last 5 years. The evaluations of other customers/users on Internet forums, personal conversations, and so forth are mostly adequate, with a number of criticisms on matters of importance. The financial situation of the supplier is unknown.
of interrelated elementary concepts. Constructed descriptors are produced from combinations of states of several scale levels. Table 2 shows, as an example, the descriptor associated with the criterion reputation.
4.2.
Weighting. The weightings of the criteria and of the scale levels for each indicator must be obtained from the fuzzy judgements matrix̃(see (8) ). To perform the fuzzy pairwise comparisons of̃, three experts in vibration analysis, maintenance, and electronic devices were asked to evaluate the importance of the criteria and subcriteria using the fuzzy scale shown in Table 1 . When inconsistencies have been found in the judgements given by the experts, they have been eliminated from the model. The geometric mean has been used to aggregate the judgements of the experts. Given the element̃= ( , , ) as the judgements of decision-maker , from comparing criterion to criterion , the aggregated judgements are a triangular fuzzy number̃= ( , , ), where [50] 
(20) Table 3 shows the pairwise comparison matrix for the aggregated judgements of the three experts in each criterion.
Next, the value of the fuzzy synthetic extent with respect to the -object̃is obtained; this is done by applying (9): ) .
The values of fuzzy synthetic extents obtained arẽ 
The values of fuzzy synthetic extents are compared and the degree of possibility of (̃≥̃) is calculated using (14) . However, (̃R LT ≥̃H C ) = −0.295; (̃R LT ≥̃S C ) = −0.250; (̃R LT ≥̃S L ) = −0.044; in these three elements, 1 − 2 > 0, and the elements of the matrix must be normalized [48] . The normalized matrix is given in Table 4 . The values of fuzzy synthetic extents are computed again from the normalized matrix and the degrees of possibility of (̃≥̃) are 
The weighting vector (see (13) 
The CR is calculated from (19) to evaluate deviations from consistency in the judgements of the pairwise comparison matrix among the criteria, giving 0.000. A similar calculation process is followed with the pairwise comparison matrix between the subcriteria. Because some elements in the pairwise comparison matrix of aggregated judgements between the subcriteria included in the criterion hardware characteristics have (̃2 ≥̃1) < 0, that is, 1 − 2 > 0, the elements of the matrix must be normalized. Thus, after normalization of the pairwise comparison matrix of aggregated judgements, the resulting nonfuzzy weighting vector is 
after normalization of the pairwise comparison matrix of aggregated judgements:
Consider (SS, WPC, RC, ASU) = (0.417, 0.260, 0.252, 0.071); in this case, the judgements of only two decisionmakers have been taken into account since the third showed a high level of inconsistency.
Consider (SHS, SDP) = (0.511, 0.489), after normalization of the pairwise comparison matrix of aggregated judgements. Consider (C, CS) = (0.433, 0.567) .
All the pairwise comparison matrices between the subcriteria have given CR = 0.000, which guarantees the consistency of the judgements given. Utility functions have been applied between the scale levels of the subcriteria. If the scale levels ( ) of a criterion/subcriterion can vary from the highest level of performance (L1) to the worst level of performance (L5), the utilities , associated with these levels, range from 1 to 0, respectively, evaluating all the descriptors on a homogenous scale.
Case Study
The benefits of vibration analysis are even more relevant in Health Care Organization because the quality of maintenance given can affect the lives of patients or even a whole community [33] ; things like avoiding the interruption of diagnostic services, patient visits, treatments, and safe care of patients and visitors to the centre are important to the community. Thus, the benefits of vibration analysis have a strong social influence in that a failure can cause incalculable losses (of life, or by worsening the condition of patients). Although this is clear in medical equipment, it can also be extended to conventional facilities within Health Care Organizations. The case study we are concerned with assesses the capacity of noninterference with other devices for collection and medical treatment. A Health Care Organization also stores a large quantity of gases and chemicals which could cause explosions, as well as chemical, biological, radiological, and nuclear equipment; therefore, an intrinsically safe data collector is necessary for hazardous locations.
For the introduction of a programme based on vibration analysis in a Health Care Organization, eight vibration analyser models were assessed, three analysers belonging to one supplier and two different manufacturers (identified as A1, A2, and A3); one analyser belonging to a manufacturer identified as B1; three analysers belonging to one manufacturer and identified as C1, C2, and C3; and one analyser model from a manufacturer identified by the code D1. The brands and models of the analysers are not given, so as not to include information that could be considered as publicity for a specific brand and also to guarantee the confidentiality of the study. A valuation is assigned to each alternative at one of the scale levels available for each descriptor. For some analysers, the information obtainable was incomplete or unsuited to assessing some descriptors; to solve this, probability distributions were used, which allow the model to be assessed from the most probable values.
The model enabled the results shown in Figure 3 to be obtained.
The results show that although price is something to be borne in mind, it is not decisive when choosing a vibration analyser, as the increase in price is compensated for in a very important way by an increase in diagnostic capacity and the support provided. It can also be seen that the technological level is very high, with the most recent available analysers including asset management systems, which involves full management of the machinery and not just detection and diagnosis of breakdowns. Automatic diagnosis and the inclusion of wireless utility and different communication systems are facets which distinguish the most recent analysers from those that have already been available for some years.
Testing of the Model
To guarantee the robustness of the model, a sensitivity analysis was performed. This analysis modifies the weightings assigned to the model criteria coherently, to assess the changes which appear in the ranking of alternatives. All the weightings of the criteria have been modified, increasing or decreasing them by 5%. In no case is there any change in the analyser chosen in the first place and the rest of the ranking is also unchanged, with only two exceptions. When the weighting is decreased in the criterion price to 9% or less (its weighting was originally 12.5%), there is a switch in the classification of the alternatives in second and third place, as can be seen in Figure 4 . Nonetheless, it is felt that the criterion price should not be valued with weightings of 9% or below. When the weighting is increased in the criterion remaining-useful life of the technology, the alternatives in fifth and sixth places switch positions. Therefore, the model is robust as in no case is there a switch in the position of an alternative chosen as ideal; also, the complete ranking of alternatives is unaltered when the other weightings of the criteria are modified, with the two exceptions mentioned.
The multicriteria model Fuzzy Technique for Order of Preference by Similarity to Ideal Solution (FTOPSIS) developed in the crisp mode by Hwang and Yoon [62] and whose extension to the fuzzy environment was described by Chen [63] was also used to test the method. This technique was chosen because it is widely and successfully used in the literature [64] ; it is also easy to apply and understand and it is a technique which is not limited by human capacity restrictions and therefore can be used with a large number of criteria and alternatives [65] . Plus, it is a technique regularly used in the literature to compare and validate FAHP. The main idea of the method is that the chosen alternative should have the shortest Euclidean distance from the positive-ideal solution and the longest distance from the negative-ideal solution [66] . Applying the procedure described by Chen [63] gives the distances of each analyser assessed with respect to the fuzzy positive-ideal solution ( + ) and from the fuzzy negative-ideal solution ( − ). The closeness coefficient of each alternative or the degree of fuzzy satisfaction of each alternative was also calculated. The results obtained are shown in Table 5 .
To compare variance in the decisions, the FAHP and FTOPSIS were plotted on the same scale, by rescaling the performance values obtained by each vibration analyser to the same scale such that the normalized sum equals 1. Figure 5 presents the results of the comparative ranking indices. Figure 5 shows that the results given by the two techniques are very close. Both techniques give analyser C1 as the best alternative; furthermore, both techniques give the same position for five of the eight analysers tested, and there were no relevant changes in the three remaining alternatives.
The result given by the model is considered appropriate for the Health Care Organization since it involves equipment with very high specifications in support material for it is not the best of those assessed in this regard; this is because it is preferable to have more intuitive equipment which can diagnose the most common anomalies in the organization, rather than the most innovative diagnostic techniques, but which cannot be understood by staff due to their complexity. The price is medium-high, but this is partly compensated for by the high storage capacity, by both internal and external auxiliary systems; this avoids having to perform shortcuts or download the data at frequent intervals. The additional training required by staff is more limited than that for the other alternatives, minimizing training costs. Thus, the alternative given by the model is considered appropriate to the needs of the organization.
Practical Implications
This model may prove helpful for the maintenance managers of these organizations in choosing the technology best suited to the needs of the organization. It could also be used by those in charge of research projects or institutions who need to acquire vibration analysis technology. The practical implications of this research are as follows:
(i) To guarantee the success of vibration analysis programmes. Choosing the right technology guarantees a higher quality in data acquisition, more accurate diagnosis, greater speed in handling information, and so forth, and, in summary, a cost-effective vibration analysis programme. This means that it is not necessary to eliminate large numbers of vibration analysis programmes after a short time or to use them very little.
(ii) To have an easy reference model for the use of MCDM techniques for choice in technology. This would facilitate real application to other organizations as it would be possible to replicate the procedures and calculations carried out in this study.
(iii) To be a reference for the decision criteria that could be used in the choice of technology. Some criteria could be adapted to the final aims of each organization or could introduce some others. Nevertheless, the criteria proposed would make the task of applying or adapting this research to other organizations easier.
(iv) To use an objective mathematical model which justifies decisions about technology acquisition to management or those who head the organizations, universities, research institutes, and so forth.
(v) To encourage the use of participative models in the choice of vibration technology. Experts in vibration analysis within an organization, who are also the users of the equipment, can be involved in creating the model; they can do this by providing the judgements for the pairwise comparison matrices. This guarantees that the users will subsequently be satisfied when using the vibration analyser that they have chosen themselves through the model.
(vi) To design a model which incorporates the uncertainties, hesitancy, and ambiguities which are part of human decision-making.
The final aim is that the choice of technology should efficiently improve the life cycle of the machines and devices it controls. It also makes it easy to achieve business aims: an increase in production (availability), quality, safety, reduction in delivery time, reduction in costs, and so forth may lead to competitive advantages. In the case of universities and research centres, a suitable choice of technology can guarantee data acquisition adapted to need, make the work of researchers easier, and finally give results of greater precision and quality.
Given the lack of models like that described in this paper in the literature, it is hoped that the model will stimulate more such work on this kind of decision-making.
Conclusions
Despite the importance of the choice of technology for the acquisition of reliable data and the best diagnosis, decision support models as described in the literature are nonexistent. The people, therefore, who are responsible for this decision can find problems in developing objective decision-making which they can justify to the managers of the organization.
This research shows an easy-to-use model for processing, manufacturing, services, and research organizations, to guarantee adequate decision-making in the choice of vibration analysis technology. This would further guarantee higher quality data acquisition, more accurate diagnosis, faster information handling, and so forth, and, overall, a more cost-effective vibration analysis programme. The intention is also that the model should serve as a standard for other organizations with regard to the criteria used, the weightings associated with the criteria, and the procedures for calculating the decision model.
The model was constructed by a Fuzzy Analytic Hierarchy Process which allows the inclusion of the uncertainties and ambiguities that form part of the decision processes. In building the model, judgements given by three decision-makers, experts in vibration analysis, maintenance, and electronic devices, were used. These judgements allow weightings to be obtained and associated with the criteria and subcriteria that form part of the model. The model allows different vibration analysers models to be assessed, thanks to the definition of descriptors with different scale levels characterizing the level of performance of a criterion or subcriterion from highest to lowest.
The model thus obtained is validated by the use of the FTOPSIS technique and gives as the best alternative the same vibration analysis model as that given by FAHP. The other alternatives give very similar values for both techniques. A sensitivity analysis was also carried out which guarantees the stability of the result with respect to small variations in the weightings assigned to the criteria and subcriteria.
This paper is intended to contribute to the use by organizations of objective models which guarantee satisfactory decision-making when acquiring vibration analysis technology. To do this, it describes an example of the application of the model to a Health Care Organization, which generally lacks programmes based on vibration analysis, unlike other processing and manufacturing plants. Different models of vibration analyser have been assessed, from different manufacturers and suppliers, looking at the characteristics of the Spanish market, and a complete classification of the alternatives is obtained.
This model is useful not only in manufacturing, energy, processing plants, and service companies, but also in universities and research centres, which have to purchase vibration analysers for teaching and research. With a focus on teaching or research, it would be necessary to adjust the weightings of the criteria and subcriteria to the needs of the organization in each case, but the model is still useful.
